Abstract. 14-3-3 is a ubiquitous protein family that in-
and cell preferential manner (Moll et al., 1982 (Moll et al., , 1990 (Moll et al., , 1993 Eckert, 1988; Stasiak et al., 1989; Calnek and Quaroni, 1993) . For example, simple-type glandular epithelia, as in the intestine, liver, and pancreas, express predominantly keratin polypeptides 8 and 18 (K8/18) with variable levels of K19 and K20 depending on the cell type and differentiation state. Similarly, keratinocytes express K1/10 and/or K5/14 depending on their maturation level within the epidermis. Second, mutations in eleven different keratin proteins that include K5, K14, K1, K10, K9, K2e (for review see , K16, K17 (McLean et al., 1995) , K6a (Bowden et al., 1995) , K4 , K13 (Richard et al., 1995) , and in neurofilament-H (Figlewicz et al., 1994) result in human skin, oral, and neuromuscular diseases. Third, IF proteins are considered nearly insoluble, although in the case of human K8/ 18, ~5% of the keratin pool is soluble .
The dynamic nature of IF proteins and their tissue-specific expression suggest that they are likely to play important cellular functions although the evidence to date for a number of potential functions is limited. Examples of proposed functions include a role in signal transduction (e.g., Baribault et al., 1989; Omary et al., 1992; Busso et al., 1994) , cholesterol transport (for review see Evans, 1994) , and gene regulation (for review see Traub and Shoeman, 1994) . Based on the well-understood regulation of many biological systems, the most likely candidates for the regulation of IF protein dynamics and presumed function(s) include posttranslational modifications and associated regulatory proteins. In the case of K8/18, phosphorylation (Oshima, 1982; Celis et al., 1983 ) occurs on serine residues and is a dynamic modification that increases in a reversible manner during the S and G2/M phases of the cell cycle Liao et al., 1995a) . K8/18 phosphorylation increases under conditions of cell stress including heat and virus infection (Liao et al., 1995b) . Mutation of a major phosphorylation site of human K18 interferes with the ability of K8/18 filaments to reorganize upon G2/M arrest in transfected cells (Ku and Omary, 1994) , and in vitro phosphorylation of purified K8/18 interferes with filament assembly (Yano et al., 1991) . With regard to K8/18 associated proteins, several have been identified by coimmunoprecipitation, which include a protein kinase C (PKC) e-related kinase (Omary et al., 1992) , a membrane-associated 85-kD protein , and two members of the heat shock protein (hsp) 70 family (Liao et al., 1995c) .
The 14-3-3 protein family, which was first identified in rabbit brain and named based on its migration in starch gels (Moore and Perez, 1967) , is increasingly invoked in carrying out important roles in signal transduction and progression through the cell cycle (for review see Aitken, 1995; Burbelo and Hall, 1995) . For example, several kinases including Raf (Freed et al., 1994; Fu et al., 1994; Irie et al., 1994) , PKC (Robinson et al., 1994) , c-Bcr and BcrAbl (Reuther et al., 1994) , and PI3-kinase (BonnefoyBdrard et al., 1995) bind to 14-3-3, and as a consequence may have their kinase activity altered by this binding depending on the experimental conditions used. In the cases studied, 14-3-3 binding to other associated proteins appears to require their phosphorylation as demonstrated for Raf and Bcr (Michaud et al., 1995) and tryptophan hydroxylase (Furukawa et al., 1993) . In this report, we show that 14-3-3 associates with K8/18 intermediate filament proteins in a phosphorylation-and cell cycle-regulated and -reversible manner. The association of 14-3-3 with K8/ 18 involves the soluble cytosolic, and nonionic detergentsolubilized K8/18 pools that become hyperphosphorylated during the S and G2/M phases of the cell cycle and does not involve the remaining relatively insoluble and substantially less phosphorylated cytoskeletal K8/18 pool. Furthermore, 14-3-3 acts as a solubility cofactor for K8/18, and its binding to phospho-K8/18 is abolished upon dephosphorylation of the keratins. Our studies suggest a model whereby two abundant epithelial cellular protein families regulate each other in a cell cycle-and phosphorylation-dependent manner.
Materials and Methods

Cells and Reagents
All human cell lines (HT29, T84 and CaCO2 [colon] HeLa [cervix] ; Molt4 [T cell]; MCF7 [breast] ) and MDCK (canine kidney) were obtained from the American Type Culture Collection (Rockville, MD). Human colonic biopsies were obtained from patients undergoing colonoscopies for medically indicated reasons under a protocol approved by the Human Subjects Committee at Stanford University. mAbs used were: L2A1 , CK5, and 8.13 (Sigma Chemical Co., St. Louis, MO), which recognize different epitopes of K18 (L2A1, CK5) or K8 and K18 (8.13); and 4.62 which recognize K19 (Sigma Chemical Co.). Rabbit antibody 8592 was also used to immunoprecipitate K8 and K18 individually. Recombinant (r) bovine brain 14-3-3~ isoform and rabbit anti-14-3-3 ~, "¢, "q were from Upstate Biotechnology Inc. (UBI) (Lake Placid, NY). Carrier-free 32po 4 was purchased from DuPont-New England Nuclear (Wilmington, DE) . Other reagents used were: potato acid phosphatase (PAP) and aphidicolin (Sigma Chemical Co.), okadaic acid (OA) (LC Services, Woburn, MA), and soybean trypsin inhibitor (Worthington Biochemical Corp., Freehold, N J).
Treatment with Okadaic Acid (OA), Heat Stress, and Cell Synchronization
Asynchronously growing confluent cells (mostly G0/G1 cell cycle stage enriched [G cells]) were treated with OA (1 I~g/ml, 2 h) followed by harvesting. For heat stress, cells at ~50% confluency were incubated at 42°C for 24 h (Liao et al., 1995b) . Cell synchronization was carried out by arresting cells at G1/S using the DNA polymerase-a inhibitor aphidicolin (5 i~g/ml, 24 h) followed by washing off the drug and incubating with fresh media for 5--6 h (S phase enriched [S cells]), or 10-12 h (G2/M phases enriched [M cells]). Cell cycle analysis was carried out after fixing cells with 70% ethanol and then staining with propidium iodide .
Isolation and Analysis of Keratin Fractions
Keratins were isolated by immunoprecipitation from three cellular fractions. The cytosolic fraction was obtained after disrupting cells by nitrogen cavitation (150 psi, 5 min, 4°C) in PBS containing 10 mM EDTA, followed by centrifugation (16,000 g, 30 min, 4°C) and collecting the supernatant (C fraction). A 1,000× stock solution of protease inhibitors and okadaic acid was then used to obtain a final concentration equivalent to buffer A (PBS, 10 mM EDTA, 0.1 mM PMSF, 10 p.M pepstatin, 10 ~M leupeptin, 25 p~g/ml aprotinin, 0.5 p.g/ml OA) (see below). Similar results were obtained if centrifugation was done at 100,000 g for 90 rain (not shown). The pellet was then solubilized with 1% NP-40 in buffer A (30 min, 4°C) followed by centrifugation (16,000 g, 15 rain, 4°C) and collecting the NP-40 fraction. The pellet was then solubilized with 1% Empigen BB (Emp) in buffer A (Lowthert et al., 1995) (30 rain, 4°C). After repelleting, the Empsoluble supernatant was collected (cytoskeletal fraction). In some cases, the residual Emp-insoluble pellet was solubilized in 50 mM Tris-HCl, pH 7.4, 2 mM EDTA/9.5 M urea or in sample buffer. Alternatively, cells were solubilized directly with 1% NP-40 in buffer A. Immunoprecipitation was then done directly or after adjusting the solution fractions so that they all contained 1% NP-40 and 1% Emp, as described, except that incubation with antibody was for 6 h (Lowthert et al., 1995) . SDS-PAGE (Laemmli, 1970) , isoelectric focusing, immunoblotting, potato acid phosphatase treatment (Liao et aL, 1995b,c) , and tryptic phosphopeptide mapping (Boyle et al., 1991) were as described. In some cases, the two-dimensional gels were transferred to polyvinylidene difluoride membranes followed by Coomassie staining and then autoradiography if appropriate. Metabolic labeling with 32po 4 (125 i~Ci/ml, 5 h) was done in RPMI 1640 medium containing 100 ~tM phosphate and 10% dialyzed FCS.
Identification of p29, 30, ~,  
and E, Respectively
The p29, 30, and 33 proteins were isolated by coimmunoprecipitation with K8/18, from NP-40-solubilized S or G2/M phase cells, followed by separation using preparative SDS-PAGE gels. Individual bands were cut from the gel after brief staining with Coomassie blue followed by digestion with Lys C. Peptides released from the gel strips were separated by HPLC followed by microsequencing of prominent peaks. Three peptides were sequenced from p29 with sequences VFYL, DSTLIMQLL, and NLLSVAYK, which are conserved sequences of 14-3-3 proteins, and based on the apparent Mr of p29, are likely to correspond to human 14-3-3"q residues 121-124, 218-226, and 43-50, respectively (Ichimura-Ohshima et al., 1992) . Two peptides were sequenced from p30 digests with sequences GIVDQS-QQAYQEAFEI and TAFDEAIAELDTLSEESYK, which correspond to residues 140-155 and 194-212 of sheep 14-3-3~, respectively (Roseboom et al., 1994) . For p33, one peptide was sequenced that afforded the sequence YLAEFATGNDRK that corresponds to residues 131-142 of human 14-3-3e (Conklin et al., 1995) . All sequenced peptides showed 100% homology to the indicated regions (not shown).
Keratin Filament Assembly
K8/18 were purified by immunoprecipitation from NP-40-solubilized HT29 G or M cells. The residual pellet from the NP-40-solubilized M cells was then solubilized with 1% Emp followed by immunoprecipitation of K8/18. Nearly 40 (G cell) and 20 (M cell) 100-ram dishes were used to isolate the NP-40 fractions, respectively. Endogenously associated 14-3-3 was released by incubation of the immunoprecipitates with 1% Emp/PBS. Purified keratins were then released from the antibody by adding 9.5 M urea (no detectable antibody is released since it is covalently coupled to the agarose beads). Filament assembly was initiated by dialyzing 150 Ixl of the keratin urea solution (150 ~g/ml), in the absence or presence of r14-3-3~ or soybean trypsin inhibitor (40 ~g/ml), against 50 mM Tris-HCl, 2 mM EDTA, pH 7.5, for 36 h (4°C) with one buffer change. Alternatively, K8/18 (150 ~g/ml) was first dialyzed alone to allow filament assembly, followed by the addition of r14-3-3[ or soybean trypsin inhibitor (62.5 p.g/ml) and then gentle mechanical rotation (24 h, 4°C). The soluble and pellet fractions were separated by ultracentrifugation (68,000 g, 30 min, 4°C). Equivalent aliquots were analyzed by SDS-PAGE. Negative staining was done as described (Liao et al., 1995c) .
Reconstitution of 14-3-3 Binding to K8/18
r14-3-3~, Molt4 NP-40 lysate, or HT29 cell cytosol were added to immunoprecipitates of K8/18. HT29 cell cytosol was obtained from G cells, as described above, followed by immunodepletion of K8/18 by three rounds of immunoprecipitation (immunodepletion was verified by SDS-PAGE analysis of the immunoprecipitates; not shown). Molt4 cells (1.5-3 x 107) were solubilized in 1.5 ml of 1% NP-40 in buffer A (30 rain, 4°C) followed by pelleting to collect the supernatant. K8/18 immunoprecipitates were then incubated with 1 ml of Molt4 lysate or HT29 cell cytosol, or with 0.2 ml of PBS containing 1 p~g of r14-3-3~ (30 rain, 22°C). After washing three times with 1% NP-40 in PBS, samples were analyzed by SDS-PAGE.
Alternatively, K8 and K18 were individually purified from the cytosolic fraction of M cells by immunoprecipitation of K8/18, preparative SDS-PAGE, and then cutting out the K8 or K18 bands separately after visualization by copper staining. K8 and K18 were electroeluted followed by extraction of SDS, solubilization of the keratins in 9 M urea, and then dialysis against 1% NP-40 in PBS/2 mM EDTA to allow renaturation. Nonsolubilized material (~20% of total) was removed by high speed centrifugation, and purified solubilized K8 or K18 was then incubated with r14-3-3 followed by immunoprecipitation using anti-K8/18 antibody 8592.
Measurement of Stoichiometry of K8/18 and 14-3-3 Association
Serial dilutions of K8/18 standards (purified using FPLC from a high salt extract of HT29 cells) (Liao et al., 1995b ) and r14-3-3~ were used side by side on the same SDS-PAGE gel with K8/18 immunoprecipitates obtained from the cytosolic and NP-40 fraction of G and M cells. The relative levels of K8/18 and 14-3-3 isoforms were determined using densitometric scanning of Coomassie stained~lestained gels with an enhanced laser densitometer (Ultrascan XL; LKB Instruments, Inc., Gaithersberg, MD). The protein content of soluble K8/18 and 14-3-3~ in relation to the total cellular protein pool was determined by quantitative immunoblotting using 10 Izg of total cell lysate (solubilized in 2% SDS-containing buffer) or analysis sample (e.g., cytosolic fraction). Using this method, the estimated total cellular keratin and soluble fraction gave very similar results to those obtained by Coomassie staining as described previously . Quantitation of the immunoblots and the two-dimensional gels was done using densitometric scanning.
Results
Characterization of 14-3-3 Association with K8118119
We used coimmunoprecipitation from the human colonic epithelial cell line HT29 to ask if any proteins associate with phosphorylated forms of K8/18/19. To enhance the sensitivity of identifying putative-associated proteins, hyperphosphorytation of K8/18/19 was achieved by incubating cultured cells in the presence of the phosphatase inhibitor OA. As shown in Fig. 1 A, immunoprecipitation of K8/18/19 from cells treated with OA and then solubilized with the nonionic detergent NP-40 resulted in coimmunoisolation of three species with apparent migration on SDS-PAGE of ~29, 30, and 33 kD (p29, 30, and 33). Depending on gel conditions, the p29 and 30 can sometimes be better resolved (e.g., Fig. 2 A, lanes c-f). These three species were absent from the K8/18 immunoprecipitate if cells were not treated with okadaic acid (Fig. 1 A, lane b) and did not bind to a nonspecific Ig control ( Fig. 1 A, lane  a) . This suggests that hyperphosphorylation of the keratins and/or p29, 30, and 33 was needed for the observed interaction. The visibility of p29, 30, and 33 ( Fig. 1, A and B) after Coomassie staining indicates that they are abundant species. The p29, 30, and 33 were identified as members of the 14-3-3 family -q, ~, and ~ isoforms, respectively, after micro-sequencing of several peptides that were generated by Lys C digestion of the individual coimmunoprecipirated proteins (see Materials and Methods).
The association of 14-3-3 with K8/18/19 was abolished when cells were solubilized with the zwitterionic detergent Emp ( Fig.1 B , lane c), and can be reconstituted after incubating with cytosol from Molt4 cells that do not express keratins but do express significant levels of 14-3-3 proteins ( Fig. 1 B, lane d) . Association of 14-3-3 with hyperphosphorylated K8/18/19 was also confirmed using two other monoclonal anti-K8/18 antibodies that recognize different epitopes than that recognized by mAb L2A1 (not shown). The interaction of 14-3-3 with phospho-K8/18/19 was also noted in several other cell lines that express K8/18 (T84, CaCO2, HeLa, MDCK, and MCF7 cells) and in normal human colonic biopsies after culturing the cells or the biopsy explants in the presence of OA (1 ixg/ml for 2 h), but not in the absence of OA (not shown).
The identity of 14-3-3 as a phospho-K8/18/19-associated protein was further confirmed in two other ways. First, the association can be reconstituted using K8/18/19 immunoprecipitates, obtained from ceils cultured at 42°C (which results in hyperphosphorylation of K8/18/19) (Liao et al., 1995b) or cells treated with OA and r14-3-3~ (Fig. 1 D) . Second, immunoblotting of K8/18 immunoprecipitates with anti-14-3-3~ showed reactivity with p30 (14-3-34) which comigrates with r14-3-3~ ( Fig. 1 C) . The K8/18/19 immunoprecipitates were obtained from cells treated with OA and then solubilized with NP-40 to maintain endogenous 14-3-3 association ( Fig. 1 C, lane b) , or from OAtreated cells that were solubilized with Emp to release endogenous keratin-associated 14-3-3 and then incubated with Molt4 cell cytosol or K8/18/19-depleted HT29 cell cytosol ( Fig. 1 C, lanes c and d) . The Molt4 and HT29 cell cytosols were from cells not treated with OA. Taken together, this indicates that the reconstitution of keratin-14-3-3 association can occur using a variety of 14-3-3 sources and that phosphorylation of 14-3-3 is not required for binding to hyperphosphorylated K8/18/19.
Keratin Association with 14-3-3 Is Phosphorylation and Cell Cycle Regulated, Is Independent of hsp70 Binding, and Involves Binding to Phospho-K18
The binding of 14-3-3 to phospho-K8/18/19 prompted us to examine if similar binding can be demonstrated during the S and G2/M phases of the cell cycle, which are phases that (A) HT29 cells were cultured in the presence or absence of OA (1 Izg/ml) for 2 h. Cells were then solubilized with 1% NP-40 in buffer A followed by immunoprecipitation using mAb L2A1 (which immunoprecipitates the keratins as noncovalent heteropolymers) or nonspecific control Ig conjugated to agarose.
The band between K8 and K18 (asterisk) is variably seen with K8/18/19 immunoprecipitates and corresponds to K20 and/or partially degraded K8. (B) HT29 cells were cultured in the presence or absence of OA (1 ~g/ml, 2 h) and then solubilized with 1% Emp in buffer A followed by immunoprecipitation of K8/18/19. Immunopreeipitates were incubated with a cytosolic fraction obtained from non-OA-treated human Molt4 ceils (15 min, 22°C), washed four times with 0.5% NP-40 in buffer A and then analyzed by SDS-PAGE. (C) Immunoprecipitates of K8/18/19 were obtained from HT29 cells (with or without OA preincubation) followed by solubilization with 1% NP-40 or 1% Emp. Immunoprecipitates were incubated in the presence or absence of a cytosolic fraction obtained from HT29 (K8/18/19 immunodepleted) or Molt4 cells (15 min, 22°C) followed by washing off nonbound material. Equivalent portions of the washed immunoprecipitates were analyzed on two gels using SDS-PAGE followed by Coomassie staining of one gel (shown) and transfer of the second gel to a membrane for immunoblotting with anti-14-3-3~ antibody. r14-3-3 (0.5 I~g) was also analyzed on the same gel (lane e). (D) Immunoprecipitates of K8/18/19 were obtained from Emp-solubilized ceils that were grown at 37°C in the presence or absence of OA, or from cells that were grown at 42°C (24 h). The immunoprecipitates were incubated with r14-3-3 for 15 min followed by washing, SDS-PAGE analysis, and Coomassie staining. -i) or 1% Emp in PBS to release bound 14-3-3 proteins, followed by dephosphorylation using PAP and incubation with r14-3-3 (lanes a-f).
are associated with hyperphosphorylation of K8/18 Liao et al., 1995a) . For this, cells were blocked at G1/S using aphidicolin, a D N A polymerase-tx inhibitor, followed by release of the block to enrich for cells at the S and G2/M phases of the cell cycle. As shown in Fig. 2 A, significant association of 14-3-3 with K8/18/19 is noted during the S and G2/M phases of the cell cycle (lanes c and d), which decreases as cells exit G2/M and enter G1 (lane e), and then begins to increase again with increasing fraction of G2/M cells (lane f). This lends support to the findings in Fig. 1 and suggests that the K8/18/19 association with 14-3-3 is dependent on keratin phosphorylation. In addition, it indicates that the keratin-14-3-3 association occurs in a regulated manner during the cell cycle. The importance of keratin phosphorylation was further tested by treating K8/18/19 immunoprecipitates, obtained from mitotically enriched (M) cells, with PAP, which resuits in dissociation of the complex (Fig. 2 B, lanes g-i) .
The Journal of Cell Biology, Volume 133, 1996 Similarly, reconstitution of K8/18/19 (isolated from M cells or OA-treated G cells) binding to r14-3-3 is prevented by phosphatase treatment (Fig. 2 B, lanes a-f) .
Since the keratin-14-3-3 complex also contains hsp70, we asked if hsp70 is necessary for binding of 14-3-3 to K8/ 18/19. This was done by the addition of MgATP or Mg-GTP to K8/18/19 immunoprecipitates, which results in release of the coimmunoprecipitated hsp70 (Liao et al., 1995c) . As shown in Fig. 3 A, addition of MgATP or MgGTP to K8/18/19 immunoprecipitates results in release of hsp70 but does not affect the keratin-14-3-3 binding (lanes a--c) . Furthermore, MgATP-induced pre-release of hsp70 from a phosphokeratin-hsp70 complex, which was isolated from NP-40-solubilized OA-treated ceils followed by the addition of Emp (to release bound 14-3-3), does not interfere with the reconstituted binding of r14-3-3 to phospho-K8/ 18/19 (Fig. 3 A, lanes d and e) . This indicates that hsp70 and 14-3-3 binding to K8/18/19 is not interdependent.
We then asked which glandular keratin(s) play an important role in binding to 14-3-3. As shown in Fig. 3 B, preferential immunoprecipitation of K8/19 is not associated with 14-3-3 binding (lane c), whereas 14-3-3 does bind to the remaining K8/18 in the absence of K19 (lane b). This indicates that 14-3-3 proteins bind to K18 and/or to K8/18 and that not all keratins are involved in this binding. K18 was identified as the keratin of the K8/18/19 mix that binds to 14-3-3 by reconstitution of r14-3-3 binding with individually purified phospho-K8 or phospho-K18 (Fig. 3  C) . It appears that a "native-like" K18 is needed for association with 14-3-3 since boiling of K8/18 immunoprecipitates decreases the efficiency of association, and binding cannot be reproduced in an overlay assay using K8/18/19 that was separated by SDS-PAGE (not shown).
Several Keratin Cellular Compartments Can Be Isolated that Manifest Parallel Keratin Phosphorylation and 14-3-3 Binding Gradients
To assess the relationship between keratin phosphorylation and its solubility and binding to 14-3-3, we analyzed cytosolic, NP-40-solubilized, and Emp-solubilized cell fractions that were sequentially separated from M or G cells. The cytosolic fraction represents the soluble cellular fraction isolated after cell disruption in the absence of any detergent followed by high speed pelleting. The remaining postcytosolic pellet is then solubilized in NP-40 which, with regard to K8/18, would be expected to solubilize some of the membrane and "loosely associated" cytoskeletal fraction . The post-NP-40 pellet is then solubilized in Emp, which solubilizes a significant amount of the residual keratin fraction (Lowthert et al., 1995) . As shown in Fig. 4 A, each cellular pool contains progressively increasing amounts of K8/18 after using equal fractions of each pool to immunoprecipitate K8/18 (compare lanes 1, 3, and 5 for G cells and lanes 2, 4, and 6 for M cells). In addition, there is a significant increase in the K8/18 cytosolic fraction of M cells as compared with G cells, as we observed previously when comparing G cells with colcemid-arrested G2/M cells . Differences in K8/18 content in the residual Emp fractions are not easily appreciated because of the limited amount of cytosolic K8/18 in G ceils, which represents 5% of the total cellular keratin, and the overall large cellular keratin content .
To determine the stoichiometry of 14-3-3 and K8/18 association, K8/18 was isolated from each cellular fraction without normalizing the immunoprecipitation detergent conditions and with equal K8/18 loading per lane. As shown in Fig. 4 B, the keratin fractions that associated with 14-3-3 were cytosolic M > NP-40 M > cytosolic G. -c) . Alternatively, immunoprecipitates identical to those used in lane b (i.e., after hsp70 release) were incubated with 1% Emp in PBS to release the endogenous cellular 14-3-3 proteins (lane d), followed by incubation with r14-3-3 protein and then washing off unbound material (lane e). (B) An NP-40 lysate was obtained from M cells followed by incubation with mAb L2A1 which coimmunoprecipitates K8/18 with minimal K19 (lane a). The remaining L2A1-immunodepleted lysate was then incubated with mAb 4.62 to preferentially immunoprecipitate the residual K8/19 complexes (lane c). Alternatively, a sample of M cell NP-40 lysate equivalent to that used in lane a was first immunodepleted of K8/19 using mAb 4.62, followed by immunoprecipitation of the residual lysate with mAb CK5 to selectively isolate K8/18 without any K19 contamination (lane b). Control immunoprecipitates using mAb CK5 (lane d) and mAb 4.62 (lane e) without using a cell lysate are also shown. Immunoprecipitates were then incubated with 1% Emp in PBS to release bound cellular 14-3-3 proteins followed by incubation with r14-3-3. Of note, the endogenous 14-3-3 proteins that associated with the keratin immunoprecipitates showed an identical pattern to that obtained by binding of the r14-3-3 protein in lanes a-c (not shown). (C) K8 and K18 were individually purified from M cells as described in Materials and Methods, followed by incubation with r14-3-3 and then immunoprecipitation using rabbit antibody 8592 that recognizes K8 and K18. Background bands (asterisks) correspond to antibody (Ig).
Lane a shows antibody incubated with r-14-3-3 and then isolated using protein A-Sepharose.
The keratin-14-3-3 association in the G cell cytosolic fraction occurs preferentially with a protein that comigrates with the • isoform of 14-3-3 (Fig. 4 B, lane I) . Since Emp treatment strips K8/18 of any bound 14-3-3, potential binding of 14-3-3 proteins to keratins from the Emp fraction was assessed and found not to occur after incubating Empstripped and washed K8/18 immunoprecipitates with Molt4 cytosol (Fig. 4 C, lanes 1 and 4) . Furthermore, 14-3-3 was not detected after analysis of the total protein content of the Emp fraction of HT29 G or M cells by immunoblotring, even though we estimate that ~0.2% of total HT29 cellular protein is 14-3-3~ (not shown). Similar results to those shown in Fig. 4 B were also obtained if Empstripped K8/18 immunoprecipitates were incubated with r14-3-3 (not shown). Using r14-3-3 and purified K8/18 as standards, densitometric scanning of Coomassie-stained immunoprecipitates indicated that the stoichiometry of association is 0.5 molecule of 14-3-3 isoforms per molecule of cytosolic K18 in M cells, which represents ~6 % of cytosolic 14-3-34 that is bound to cytosolic K8/18 at steady state in M cells (not shown).
Binding of 14-3-3 proteins to the cytosolic and NP-40-solubilized fractions of K8/18 (Fig. 4) and the importance of phosphorylation in facilitating this binding (Figs. 1 and 2) led us to examine K8/18 phosphorylation in the cytosolic, NP-40, Emp, and residual post-Emp fractions of Gand S-enriched cells. Metabolic labeling of G and S cells with 32po 4 followed by analysis of the labeled K8/18 showed that cytosolic K8/18 had the highest 32po 4 incorporation in G and S cells (Fig. 5 A) . In addition to the increase in 32po 4 incorporation in S cell K8/18, there is a significant shift in the ratio of the cytosolic K8/K18 labeling in G vs. S cells such that the ratio of K8 to K18 incorporated counts was 2.9 and 1.2, respectively (Fig. 5 A, lanes 1 and 4; Table I ). Most of the increase in incorporation in K8/18 labeling, when comparing S to G cell fractions, occured in the cytosolic and NP-40 fractions (Fig. 5 A and Table I ), with the most significant increase being in the cytosolic fraction of K18 as compared with the increase in K8. To assess the overall state of K8/18 phosphorylation in the different fractions, we used isoelectric focusing/SDS-P A G E two-dimensional (2-D) analysis. As in Fig. 5 A, the majority of phosphorylated K8 and K18 isoforms are found in the cytosol of G cells (Fig. 5 B, panel i) and in the cytosol and NP-40 fraction of S cells (Fig. 5 B, panels iv and v). In fact, a significant percentage of K8/18 in these fractions is phosphorylated (Table I) as compared with the K8/18 Emp fractions from G and S cells that show low relative phosphorylation of K8 (isoforms 1 and 2) and KI8 (isoform a) and minimal labeling (Fig. 5 B, panels iii and  vi) . The 2-D pattern obtained from the K8/18 post-Emp pellet fraction was identical to the Emp K8/18 fraction for both G and S cells (not shown). Therefore, the distribution of phospho-K8/18 (Fig. 5 and Table I ) parallels the cellular fractions that bind 14-3-3 (i.e., G cell cytosol, S/G2/M cell cytosol, and NP-40 fractions) (Fig. 4 B) .
Since 32po 4 labeling may interfere with normal progression through the cell cycle, we also analyzed the 2-D profile of K8/18 isolated from NP-40 fractions of G and S cells without labeling and without preseparation of the cytosolic fractiens (Fig. 5 C) . Under these isolation conditions, 14-3-3 binding to K8/18 from the G cell NP-40 fraction Figure 4 . Characterization of 14-3-3 association with the cytosolic, NP-40-, and Emp-solubilized K8/18 fractions. (A) Equal numbers of G and M cells were disrupted by nitrogen cavitation followed by centrifugation to obtain the cytosolic fraction (C). The residual pellets were solubilized in 1% NP-40 in buffer A followed by centrifugation to obtain the supernatant NP-40 fraction. The post-NP-40 pellet was then solubilized in 1% Emp in buffer A followed by centrifugation and collection of the supernatant Emp fraction. Equivalent portions of each fraction were then used to immunoprecipitate K8/18 to show the relative keratin solubility in each of the three fractions. To normalize immunoprecipitation conditions, the solution composition of the isolated fractions was adjusted so that they all contained 1% NP-40 and 1% Emp. (B) K8/18 immunoprecipitates were obtained from the C, NP-40, and Emp fractions without adjustment of the detergent composition to maintain binding of endogenous 14-3-3 to K8/18. Nearly equal amounts of K8/18 were loaded per lane and analyzed by Coomassie staining or immunoblotting using anti-14-3-3~ antibody. The identity of the K8/18-associated proteins (small bar and asterisk in lane 1) are not conclusively known but may correspond to another 14-3-3 isoform and actin, respectively. (C) K8/18 immunoprecipitates identical to those used in B were incubated in 1% Emp/PBS to release the associated 14-3-3, followed by washing with PBS to remove residual Emp. Immunoprecipitares were then incubated with Molt4 lysate (30 min, 4°C), washed to remove unbound material, and analyzed by SDS-PAGE.
Figure 5. Phosphorylation gradient of K8/18 in cytosolic, NP-40, and Emp fractions. (A) HT29 near confluent cells (G cells) and S cells
were labeled with 32po 4 for 5 h followed by immunoprecipitation of K8/18 from sequentially isolated cytosolic, NP-40--solubilized, and Emp-solubilized fractions. Samples were normalized so that nearly equal K8/18 protein was loaded per lane. (B) Duplicate immunoprecipitates to those in A were analyzed in the horizontal direction by IEF followed by SDS-PAGE in the vertical direction. Arrows alone (K19), with numbers (K8), and with letters (K18), represent corresponding Coomassie-stained and 32po4-1abeled isoforms. Boxes (radiograph profiles iii and vi) show the location where K18 isoforms would be seen on prolonged exposure (12 d; not shown). Exposure times of the radiographs were 72 (ii, iff, and vi), 48 (i and v) , and 30 h (iv). Bar between K8 and K18 likely represents K20 or degraded K8. (C) Immunoprecipitates were obtained from an NP-40 lysate of nonlabeled G and S cells without initial removal of the cytosolic fraction followed by 2-D gel analysis. Major isoforms are indicated as in B.
cannot be appreciated, but K8/18 from the S cell NP-40 fraction binds to 14-3-3 (not shown but similar to Fig. 2 ). As shown in Fig. 5 C, the most dramatic acidic shift (consistent with increased phosphorylation) in isoforms occurs in K18 (isoforms a and b) and K19 (isoform indicated by arrow), whereas K8 isoforms 1-3 show a less prominent increase.
Effect of 14-3-3 on K8118 Solubility In Vitro
Since 14-3-3 proteins preferentially bind to cytosolic K8/ 18, we asked if 14-3-3 can affect the in vitro solubility and assembly properties of K8/18. In doing so, we took advantage of the well-established ability of equal mixtures of urea-solubilized type I and type II keratins to self-assemble into 10-nm filaments after dialysis of the urea using low salt conditions (Quinlan et al., 1984) . In the case of K8/18 purified from HT29 G cells and then assembled into filaments in vitro, most of the keratin is pelletable after a high speed spin with a barely detectable fraction that remains in solution (Liao et al., 1995b) . This soluble fraction increases if the K8/18 used for assembly is obtained from heat-stressed HT29 cells that have hyperphosphorylated keratins (Liao et al., 1995b) . Using this assay, we tested the ability of r14-3-3 protein to sequester K8/18 into the soluble fraction. The K8/18 was purified from NP-40--solubilized G or M cells or from an M cell Emp-solubilized post-NP-40 pellet (as an internal control for low K8/18 phosphorylation state). The soluble (i.e., nonpelletable) K8/18 fraction was then isolated, after assembly of K8/18 then incubation for 24 h in the absence or presence of 14-3-3 or soybean trypsin inhibitor. Soybean trypsin inhibitor was used as a control protein since it had a similar pI to 14-3-3 (Kunitz, 1947) . As shown in Fig. 6 A, K8/18 solubility increased nearly threefold in keratins purified from NP-40--solubilized M cells as compared with keratins purified from NP-40-solubilized G cells (compare lanes 1 and 4) . This enhanced solubility in cytosolic M cell keratins increased further by more than twofold upon addition of 14-3-3 but was not affected by the addition of trypsin inhibitor (Fig. 6 A, lanes 4-6) . In contrast, the effect of 14-3-3 on the other two keratin fractions was minimal (Fig. 6 A,   lanes 1-3 and 7-9 ). The significant increase in solubility noted in K8/18 isolated from NP-40-solubilized M cells was commensurate with a significant decrease in the amount of residual K8/18 in the pellet as would be expected (Fig. 6 A, lane 5) . A similar 14-3-3-induced increase in K8/18 solubility was noted if 14-3-3 was added to The results shown in Fig. 5 . A and B were quantitated. The cpm of 32PO4 incorporated into K8 and 18 were determined by counting the corresponding bands from K8/18 immunoprecipitates shown in Fig. 5 (Fig. 5 B; 1-3 or a and b) are generated solely by phosphorylation and that the most basic isoforms (i.e., those not highlighted by numbered or lettered arrows) are not phospborylated. The latter assumption is based on lack of in vivo phosphate labeling of the most basic isoforms.
the keratins before assembly (Fig. 6 B, lane 5) with a consequent decrease in the amount of K8/18 in the pellet fraction (not shown) that was similar to that shown in Fig. 6 A. Both 14-3-3 and trypsin inhibitor remain in the soluble fraction and are not found in the pellet, whether added after (Fig. 6 A) or before assembly (Fig. 6 B and not shown) . Of note, urea treatment of K8/18 (isolated from NP-40-solubilized M cells) and r14-3-3, followed by dialysis in low salt buffer, does not affect the competency of K8/18 to bind 14-3-3, and K8/18 complexed with 14-3-3 but not trypsin inhibitor can be coimmunoprecipitated using anti-K8/18 antibodies (not shown). We then tested the effect of 14-3-3 on the in vitro filament-forming ability of K8/18 purified from NP-40-solubilized G or M cells or from the Emp-solubilized post-NP-40 pellet of M cells, with the latter fraction serving as an internal control. As shown in Fig. 7, 14-3-3 has a moderate effect on filament formation of keratins isolated from the NP-40 fraction of G cells or the Emp fraction of M cells, in that it results in looser and less extensive filament formation (compare a and b with d and e). In contrast, soybean trypsin inhibitor did not interfere with filament formation of keratins isolated from the Emp fraction (Fig. 7 f) or from the NP-40 fraction of G cells (not shown). We did not detect the typical filaments in the case of keratins purified from the NP-40 fraction of M cells (i.e, the fraction that has a high keratin phosphorylation state), although rare thin filaments were occasionally noted (Fig. 7 c, small arrow) . Inclusion of 14-3-3 or trypsin inhibitor during the filament assembly assay of the NP-40 fraction of M cells had no discernible effect and resulted in a pattern (not shown) similar to that in Fig. 7 c. 
Discussion
The major findings of this study are: (a) demonstration of a dynamic and phosphorylation-dependent association between 14-3-3 proteins and glandular keratins, specifically phospho-K18, during the S/G2/M phases of the cell cycle; (b) presence of a phosphorylation gradient in cells that correlates with keratin solubility and binding to 14-3-3 proteins; and (c) 14-3-3 enhancement of K8/18 solubility in vitro.
Association of 14-3-3 Proteins with Simple-type Epithelial Keratins
Phosphorylation of K8/18 appears to be the essential signal that facilitates association with 14-3-3. For example, hyperphosphorylation of K8/18 during the S/G2/M stages of the cell cycle (Fig. 2) , or as a consequence of heat stress or okadaic acid treatment of cells (Fig. 1) , results in coimmunoprecipitation of 14-3-3 proteins with K8/18. The association can be specifically reconstituted, after stripping off bound 14-3-3 using Emp, by the addition of r14-3-3 or cytosol from HT29 epithelial cells that have been depleted of K8/18 or cytosol from Molt4 lymphoid cells that do not express keratins (Fig. 1) . Furthermore, the 14-3-3-keratin complex can be dissociated upon treatment with phosphatase, and its formation can be prevented if K8/18 is dephosphorylated (Fig. 2) . The association of 14-3-3 with phospho-K8/18 reinforces the accumulating evidence that phosphorylation is important for ligand binding to 14-3-3 as demonstrated for Raf and Bcr (Michaud et al., 1995) and tryptophan hydroxylase (Furukawa et al., 1993) . The molecular basis of this interaction remains to be investigated, but recent crystal structure analysis of the human T cell 14-3-3 T isoform (Xiao et al., 1995 ) and 14-3-3 [ isoform provides some clues. These structural studies revealed that 14-3-3 proteins form a groove, with the outer lining consisting of varient amino acid residues and the inner lining consisting of highly conserved residues. The inner groove presents lysine and arginine residues that are typically invoked in phosphoamino acid binding.
Our results also point to the importance of K18 phosphorylation from quantitative and functional standpoints during cell cycle progression. For example, the relative increase in K18 phosphorylation is more pronounced than in that of K8 during S/G2/M phases of the cell cycle (Fig. 5) , even though basal K18 phosphorylation is less than K8. This raises a question, which remains to be investigated, of whether other type I keratins manifest similar phosphorylation and 14-3-3 binding profiles. Support for the dramatic increase in K18 phosphorylation is based on in vitro labeling and 2-D gel analysis. Similarly, the high stoichiometry of phospho-K18 and 14-3-3 association is supported by finding that >50% of cytosolic and NP-40-associated S cell K18 is phosphorylated (Fig. 5 and Table I ).
Potential Functional Significance of 14-3-3 Association with Keratins
The potential significance of 14-3-3 binding to K8/18 is Figure 6 . Effect of 14-3-3 on in vitro solubility of K8/18. K8/18 were purified by immunoprecipitation from HT29 G or M cells that were solubilized with NP-40 or from the Emp fraction of M cells that was obtained after removal of the NP-40 fraction. Immunoprecipitates were incubated in 1% Emp/PBS to release bound endogenous 14-3-3 proteins. Keratins were released from the covalently coupled antibody-agarose beads by incubation in 9.5 M urea, which results in release of only the keratins. (A) Immunopurified keratins (150 i~g/ml) were dialyzed against 50 mM Tris-HC1/2 mM EDTA, pH 7.5 (36 h), followed by addition of buffer alone, 14-3-3, or trypsin inhibitor (62.5 txg/ml). After gentle rotation (24 h, 4°C), samples were pelleted (68,000 g, 30 min). Equivalent soluble and pellet fractions were then analyzed by SDS-PAGE. Some variability was noted in the recoverable pellet fraction due to variable adherence to the dialysis tubing but, regardless, the pellet sample corresponding to lane 5 was reproducibly the smallest (n = 3; not shown). (B) Purified keratins (150 ixg/ml) were dialyzed as in A except that 14-3-3 or trypsin inhibitor (40 ixg/ml) were added just before dialysis. After dialysis (36 h, 4°C) and pelleting, equivalent fractions of the soluble fraction were analyzed by SDS-PAGE. The pellet fractions had a pattern similar to that in A (not shown).
several-fold (Fig. 8) . First, binding is stoichiometrically significant (~0.5 molecules of 14-3-3/keratin molecule). Since binding occurs preferentially with K18 (Fig.3) , and given the tetrameric nature of simple epithelial keratins (Quinlan et al., 1984) , including cytosolic K8/18 in HT29 cells , we estimate that each keratin tetramer (i.e., two K18 and two K8 molecules) binds to approximately one molecule of 14-3-3 in the cytosol of S/G2/M cells. This may be an underestimate since the percentage of S/G2/M cells in our synchronization experiments was ~60% (Fig. 2) , with a range that sometimes peaks at ~90% (e.g., Liao et al., 1995a) . Hence, a substantial fraction of the cytosolic and NP-40-solubilized K8/18 during S/G2/M is bound to 14-3-3. Furthermore, binding of K8/18 to 14-3-3 appears to be of high affinity, not affected by high salt (4 M NaCI) (not shown), ATP/GTP, or E D T A (Fig. 3) , but it is abolished in the presence of zwitterionic detergents (e.g., Emp) or treatment with phosphatase (Fig. 2) . Second, binding of 14-3-3 to K8/18 occurs in a regulated (i.e., phosphorylation-dependent) and reversible fashion during the cell cycle. Although the role of 14-3-3 proteins in higher eukaryotes is not known, yeast 14-3-3 homologs play an important role in determining the timing of mitosis in Schizosaccharomyces pornbe (Ford et al., 1994) . Given the association of 14-3-3 proteins with important cellular kinases such as PKC and Raf (for review see Aitken, 1995; Burbelo and Hall, 1995), PI3-kinase (Bonnefoy-B6rard et al., 1995) , cdc25 phosphatases (Conklin et al., 1995) , and with vesicular transport and Ras signaling (Gelperin et al., 1995) , intracellular signaling or regulatory roles for 14-3-3 association with K8/18 become highly attractive. It remains to be determined if the observed association of PKC-related kinases with K8/18 (Omary et al., 1992) or with vimentin (Murti et al., 1992; Spudich et al., 1992 ) is based on direct or indirect association with 14-3-3, and if the K8/18 association with 14-3-3 modulates the activity of keratin and/or 14-3-3-associated kinases and phosphatases. Third, 14-3-3 proteins have been implicated in several other functions including priming of regulated exocytosis (Morgan and Burgoyne, 1992; Chamberlain et al., 1995) and activation of several enzymes including mono-ADP-ribosyltransferase (Fu et al., 1993) and tyrosine and tryptophan hydroxylases (Ichimura et al., 1988) . It will be important to determine if binding of ker- Figure 7 . Effect of 14-3-3 on in vitro filament assembly of K8/18. Keratin in vitro filament assembly was carried out using samples identical to those used in Fig. 6 B. After dialysis, an aliquot was used for negative staining and then electron microscopy. All micrographs were obtained at the same magnification. Bar, 210 nm.
CSK K8/18
~/t/t/t~ (dud&~ ~ "nldaG~2~ ) -Intracellular signalling -chaperones -regulation of K8/18 a~d/or 14-3-3 associated proteins Figure 8 . Proposed model for the dynamic K8/18 phosphorylation, binding to 14-3-3, and effect on solubility during the cell cycle. The cytoskeletal filamentous portion of K8/18, which makes atins to 14-3-3 plays any role in altering the activity of keratin or 14-3-3-associated kinase or nonkinase enzyme activities, or if binding of 14-3-3 to soluble keratins simply displaces the enzymes that bind 14-3-3 or keratin to make them available in a "free" state that may be more or less active, depending on the nature of their 14-3-3-or keratinbound states. Fourth, abundance of K8/18 (5% of HT29 total cell protein with similar levels in several other epithelial cell lines tested [not shown]), and of 14-3-3 proteins (0.2% of HT29 total cell protein for the isoform [this study] and 1% of total brain protein [Boston et al., 1982] raises the possibility of a chaperone-like role for the keratin-14-3-3 complex. To that end, 14-3-3 is the second abundant protein family to be shown to interact with K8/18, the first being the heat stress-induced and cognate hsp70 proteins (Liao et al., 1995c) . In the case of hsp70, the interaction with keratins is ATP dependent and occurs preferentially with K8 (Liao et al., 1995c ) but does up the major portion of K8/18 during the G1 phase of the cell cycle, becomes hyperphosphorylated during the S and G2/M phases of the cell cycle. Increased K8/18 phosphorylation increases the soluble K8/18 pool, followed by binding of 14-3-3 proteins to soluble K8/18 and sequestering of additional K8/18 into the soluble and NP-40 fractions. Dephosphorylation of keratins at the end of mitosis releases 14-3-3 and returns K8/18 into a G1 cytoskeletal state.
not interfere with K8/18 binding to 14-3-3 (Fig. 3) . In addition, there is evidence for 14-3-3 proteins acting as mitochondrial import chaperones of cytoplasmic proteins in rat liver (Alam et al., 1994) . Fifth, the potential of keratins to act as "linkers" or "soluble platforms" that can bring in close proximity different proteins may provide a mechanism that allows an interaction that otherwise may not occur at high efficiency. To that end, several findings including the presence of 14-3-3 proteins as homo-and heterodimers , recent evidence that 14-3-3 dimers may act as adaptors that can concurrently bind Raf and Bcr (Braselmann and McCormick, 1995) , and the presence of a plekstrin homology domain (which is implicated in the functional interaction with a number of intracellular signal transduction proteins) (for review see Gibson et al., 1994 ) in 14-3-3 proteins including the ~ isoform (Dellambra et al., 1995) all support a putative linker or soluble platform role for keratin-14-3-3 interaction. Sixth, modulation of K8/18 solubility as described below.
Modulation ofK8/18 Solubility by Phosphorylation and Binding to 14-3-3
We previously showed that ~5 % of the keratin content of HT29 cells that are grown asynchronously (i.e., G0/G1 stage of the cell cycle) are soluble . Several studies in cultured cells uniformly showed a direct correlation between the level of K8/18 phosphorylation and their solubility. For example, the soluble K8/18 pool increases under conditions of mitotic arrest using antimicrotubule agents , the S/G2/M phases of the cell cycle (Fig. 4) , heat stress (Liao et al., 1995b,c) , and treatment of cells with phosphatase inhibitors such as okadaic acid and calyculin (not shown) with a parallel increase in K8/18 phosphorylation. In addition to these studies in cultured cells, there is direct in vitro evidence for phosphorylation playing an important role in K8/18 solubility after phosphorylation of purified K8/18 using any one of several kinases tested (Yano et al., 1991) . Also, in vitro filament assembly of purified K8/18 from mitotically enriched cells (Fig. 6) or from heat-stressed cells (Liao et al., 1995b ) (which contain high levels of phospho-K8/18) generates more soluble K8/18 than that obtained after assembly of K8/18 purified from G cells.
In addition to phosphorylation, our study also provides in vitro evidence for a 14-3-3 role as a K8/18 solubililty cofactor, which is unique from several aspects. For example, there is no known solubility protein cofactor for keratins, and the only other protein shown in vitro to act as an IF protein solubility cofactor is a-crystallin, which increases the solubility of vimentin and glial fibrillary acidic protein if added during in vitro filament assembly (Nicholl and Quinlan, 1994) . Involvement of 14-3-3 as a K8/18 solubility cofactor occurs only under cell conditions when K8/18 phosphorylation increases such as during cell cycle progression. In the case of a-crystallin association with vimentin or glial fibrillary acidic protein, phosphorylation did not appear to play a role (Nicholl and Quinlan, 1994) . The effect of 14-3-3 as a K8/18 solubility cofactor was specific since soybean trypsin inhibitor added under the same conditions had no effect (Fig. 6) , and hsp70 binding to K8/18 also did not affect K8/18 solubility (Liao et al., 1995c) . Both hsp70 and soybean trypsin inhibitor are acidic proteins with similar pls to 14-3-3. Hence, the regulated interaction of 14-3-3 with cytosolic K8/18 and its potential solubilizing effect lend support to the hypothesis that either of these two abundant proteins may act as chaperones to one another or to other associated proteins (Fig. 8) .
The observed in vitro effects of 14-3-3 on K8/18 filament assembly (Fig. 7) are unclear and remain to be investigated. For example, r14-3-3 ~ protein had a severing effect with resultant generation of less extended filaments in keratins isolated from NP-40-solubilized G cells or the Emp fraction of M cells. Such an effect is presumably based on limited binding to the minor population of phosphokeratins in these fractions. Several explanations can be envisioned, which remain to be tested, that may explain this observation. These include the presence, in vivo, of filament stabilizing proteins or that the observation is simply an in vitro phenomenon since no significant effect of 14-3-3 on keratin solubility was noted in these fractions (Fig. 6 B) .
The phosphorylation gradient that we observed (Fig. 5 ) supports a role for keratin phosphorylation in its solubility and provides three potentially functional keratin compartments: cytosolic, NP-40 soluble, and Emp soluble. This gradient reflects a progressive decrease in the percentage of phosphorylated keratins within three compartments ( Table I ) that predominantly consist of cytosolic, membrane, and cytoskeletal domains. Analysis of the total M cell protein from these three compartments showed that 14-3-3 was present and associated with K8/18 only in the cytosolic and NP-40 compartments. Our previous analysis of keratins associated with various subcellular fractions and the subcellular localization of 14-3-3 in rat brain indicate that the NP-40 pool likely represents membrane-associated K8/18 and, potentially in addition, loosely associated cytoskeletal filamentous keratin. The Emp K8/18 pool, based on its sheer amount, likely represents the solubilized cytoskeletal fraction primarily, with a potential small amount of residual membrane-and/or other organeUe-associated keratin. We did not observe this phosphorylation gradient in a previous study for several reasons, including rapid K8/18 dephosphorylation in the cytosolic fraction if okadaic acid is not added immediately after cell disruption, duration of labeling with 32po4, and because 2-D gel analysis that provides overall assessment of keratin phosphorylation was not done in the earlier study. It remains to be determined if the phosphorylation gradient observed for K8/18 applies to other phosphokeratins or to other IF proteins.
In conclusion, the regulated and cell cycle-associated interaction of K8/18 with 14-3-3 proteins opens several exciting avenues for exploration. For example, potential roles for keratins as chaperones, linker, or soluble platform molecules, regulators of 14-3-3-associated proteins, and players in cell signaling can now be investigated.
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